The National Bureau of Standards' was established by an act of Congress on March 3, 1901. The Bureau's overall goal is to strengthen and advance the Nation's science and technology and facilitate their effective application for public benefit. To this end, the Bureau conducts research and provides: (1) a basis for the Nation's physical measurement system, (2) scientific and technological services for industry and government, (3) a technical basis for equity in trade, and (4) technical services to promote public safety. The Bureau's technical work is performed by the National Measurement Laboratory, the National Engineering Laboratory, and the Institute for Computer Sciences and Technology.
INTRODUCTION
Four different densimeter designs by four manufacturers were tested for use in liquefied natural gas (LNG) in the density reference system [1, 2] and the results were presented in earlier reports [2, 3] . The densimeters tested in this first study were two vibrating types, a dielectric cell type and an Archimedes or displacement type. Though all proved capable of density measurement in cryogenic liquids, all suffered from the same problem; they did not have a suitable calibration for LNG service. Though the calibration of the displacement densimeter tested was within specifications 12,3], subsequent tests showed the calibration method applied to this densimeter inadequate.
To eliminate the calibration problem, NBS offered to provide transfer standards to the various manufacturers and users. The manufacturer or user would choose the instrument he prefers for a standard and NBS would calibrate it against the DRS densimeter. The DRS was rebuilt [4] to permit installation of different densimeters, to improve its reliability and to decrease the time required to acquire sufficient density data to calibrate the transfer standards. Later, the densimeter in the DRS was also rebuilt. The complete rebuild has been described in a new uncertainty statement [4] . The present DRS densimeter has an apparent uncertainty for one reading of +0.055% at 425 kg/m 3 density [3] . This is composed of a systematic uncertainty of 0.022% and 3 times the estimated standard deviation of 0.011%. A schematic of the rebuilt DRS is shown in figure 1 illustrating the relative positions of the densimeters within the liquid sample. A more detailed description of the DRS is contained in [3] .
Because the two sets of data taken at one sample temperature setting are highly correlated, only one of the sets of data is used in the subsequent statistical analysis. Usually, no difference is observed in the statistical results obtained from using only the first or only the second set of data in the analysis. This implies that sufficient time has passed to establish equilibrium conditions in the liquid before the data are recorded. [ ------Tcp
THE COMMERCIAL DENSIMETERS
Three of the densimeter types tested and reported earlier [2, 3] have undergone some additional testing. The three are the displacement densimeter, the vibrating cylinder densimeter and the vibrating plate densimeter. A second vibrating cylinder type has been tested for the first time.
Vibrating Element Densimeters
A vibrating element in these densimeters is locked in oscillation at one of its lower resonant frequencies. When this harmonically vibrating element is immersed in a fluid of variable density, the resonant frequency shifts with the fluid density such that, in the ideal case,
where p is the fluid density, r is the period of vibration and A and B are constants. The constants A and B are derived from frequency measurements in fluids of known density. Since temperature can affect the structural properties hence the frequency of the vibrating element, such a densimeter should be calibrated in the fluid or in fluids as near as possible in temperature and density to those in which the instrument will be used.
Displacement or Archimedes Densimeter
This densimeter employs the Archimedes principle: an object immersed in a quiescent fluid experiences an upward force proportional to the mass of fluid it displaces. If the mass and volume of the object are known, the density of the fluid is determined by the relation
The density of the float po is given by M/V where M is the float mass in vacuum and V is its volume. The quantity Ma is the apparent mass of the float when completely immersed in the liquid whose density is being measured. These densimeters require calibration in fluids of known density to determine po and M for the float since the volume and mass are not known. Also, the force balance employed may not read mass directly. Some temperature effects exist also though not included in the simple eq (2). The float density po is temperature dependent as is Ma if the balance output is affected by temperature.
DENSIMETER TEST RESULTS

Vibrating Cylinder Densimeter --First Kind
Three newer models of the vibrating cylinder densimeter reported in [3] were calibrated against the DRS densimeter for use as transfer standards. The instruments were calibrated and returned to the manufacturer who uses them to calibrate the densimeters he markets. These three densimeters are designated below as numbers 1, 2, and 3. Numbers I and 2 were retested in the DRS about a year and a half later.
For the first tests, the data were acquired in four separate fillings of the DRS. In the first filling, liquid methane was used as the sample liquid in which the vibrating cylinder densimeter frequencies and the DRS densimeter densities were recorded. Approximately 1% liquid nitrogen was then added and another series of data taken. Finally, about 5% liquid propane was added and a third series taken. Fillings 2, 3, and 4 were similar except that no separate series of data were taken with a methane-nitrogen mixture. Densimeter No. 3 was not tested in the first filling, but all three meters were inserted for subsequent fillings.
The data for the first three fillings contained many values well outside the bounds consider ed reasonable for normal deviation. All three densimeters showed outlying data and not always on corresponding readings. This problem was apparently caused by bubbles trapped in the vicinity of the vibrating spool. When the filter screens were removed from the densimeters for the fourth filling this problem disappeared. The suspected outlying data points of the first three fillings were not used in the data analysis. These results apply to saturated methane or saturated methane + nitrogen (1%) + propane (5%) from 109 K to 130 K. In the fifth filling, the sample was liquid nitrogen from a storage tank. The new data showed negligible change in the coefficients. The estimated SD for mean shift is about twice the value of the original tests.
The residuals for densimeter No. 2, If the commercial densimeters are not to exceed the random uncertainties reported here (for instance those of table 2), the filter screens must be removed from the sensing unit. In subcooled liquid there may be no problem.
Vibrating Cylinder Densimeter -Second Kind
This densimeter has not been previously tested. The vibrating cylinder consists of a tube forming the hole portion of a doughnut-shaped closed metal
case. This case, containing the driving and sensing elements, excludes the liquid whose density is being measured from the outside wall of the vibrating cylinder. This entire unit is immersed in the liquid, but can be supported by bolting a flanged stem protruding from one side of the instrument to a support stem passing through the liquid container wall. The electrical leads are contained within this stem. For the measurements reported here, the density sensor was supported on its outer surface on a curved wood block. The axis of the vibrating cylinder was horizontal with neither end near any solid object.
The manufacturer supplied a calibration for this instrument with correction
terms for the velocity of sound, pressure and temperature of the sample liquid. The calibration equation provided is:
where r is the period of oscillation in us and Pb is the basic density. The density, pl, corrected for the liquid velocity of sound is:
where T is the same as above and C is the sound velocity of the liquid in m/s.
An appropriate expression for C is discussed below.
The density with the pressure effect correction is: 
where AT = (T -23.14 C) and T is the liquid sample temperature in C.
Since the densimeters were tested primarily in pure methane and an LNG like 
where T is temperature in Kelvins.
The LNG-like mixture consisted of methane with about 4 to 6% propane and 1 to 2% nitrogen. The concentrations vary both from filling to filling and with temperature since nitrogen and methane preferentially leave the solution to fill the vapor space as the liquid temperature is raised. Since velocities of sound for liquid mixtures are not readily available, the sound velocity was estimated to be 0.95CC + 0.05CC3 at both 110 and 126 K, where CC and CC3 are the methane and propane sound velocities respectively. Assuming a dependence linear in T, the mixture sound velocity is:
The model used to analyze the density data is:
where p is the density determined by eq (9) for the vibrating cylinder densimeter, pDRS> the density determined by the DRS densimeter, u and a are the constants of a linear fit , the ai are the offsets attributable to composition differences in the case of the LNG like mixture and also to filling-to-filling shifts in the densimeter calibrations, and the ei are unspecified random errors.
This densimeter was tested in eight fillings of the DRS. For the first two fillings, only the resonant frequency was recorded; for the remaining six, both frequency and period were recorded on separate counters. The period reading had a factor of 20 greater resolution than the frequency reading, an offset between density determined by frequency and that determined from period was observed.
This offset corresponds to less than 0.1 Hz, the resolution of the frequency counter for a 10 second counting interval, and the count always read low by <0.1 Hz as would be expected for a resolution limitation. The period data were used where available because of the increased resolution. Figure 9 shows the np for methane versus DRS density (PDRS). Symbols 1 through 8 represent the first through eighth fillings, respectively.
Offsets in the density data due to the frequency counter resolution is apparent in the results of the first and second filling. Figure 10 shows Ap versus PDRS for the LNG liquid mixture results. The pure methane velocity of sound, eq (10) was used. Any offset in the density values for fillings 1 and 2 is completely masked by the much larger filling-to-filling shifts shown in figure   10 . This tendency for the density data to lie on separate but parallel curves implies the presence of a liquid composition dependency in the densimeter. when the liquid methane velocity of sound is used to calculate density. This offset is reduced to about 8 kg/m 3 by using eq (11) for C. The slope in the Ap versus p probably results from the increase in temperature, pressure, or both that accompanies the decrease in density of the liquid sample. The offset between the curve for the two different liquids must be caused by the composition change, possibly through differences in velocity of sound. Equation (12) was fit to the methane data excluding the first two fillings, and the results are shown in the first line of table 5. We have assumed that the ai are random shifts from filling-to-filling, and a standard deviation 0, has been estimated for them. Combining the upper 99% confidence limit for oa and the upper 99% confidence limit for e, we get (0.142 + 0.072)1/2 = 0.16 kg/m 3 .
Three times this value represents the random uncertainty of a single density measurement made using this densimeter in the DRS. Part of the random error is due to the DRS densimeter, but this contribution is relatively small [3] .
The equation was fit twice to the LNG data, excluding the first two fillings, once using the methane velocity of sound and once using the approximation (eq (11) and fig. 10 ) for a 95% methane, -5% propane mixture; i.e., 95% velocity The factory calibration relation for LNG was extrapolated from measurements in other liquids. The temperature and velocity of sound corrections were calculated from other liquids. The corrections determined in the factory calibration for velocity of sound and temperature and/or pressure are obviously too small but can be adjusted to greatly improve agreement between the measured and actual density.
The poor calibration of the densimeter disclosed by these tests once again emphasizes the desirability of calibrating densimeters in the liquid in which it will be used.
Vibrating Plate Densimeter
Since the original tests on the plate type densimeter, one additional unit has been tested in the DRS. This unit, in three attempts to calibrate it, suffered first from oil and water leaking into the stem and later from unexplained shifts in calibration between fillings of the DRS and sometimes during a filling. This unit was especially constructed to permit installation in the DRS and the calibration shifts may be unique to this instrument. The first vibrating plate densimeter tested behaved satisfactorily in cryogenic liquids.
The original unit tested showed only small variations from filling to filling and functioned quite satisfactorily in liquid methane and LNG like mixtures.
Because problems arose during the tests of the one unit studied subsequent to the first, we can add, at this writing, no additional information concerning the accuracy, repeatability, and long term reliability of this vibrating plate densimeter of a more recent design.
Displacement Densimeter
The calibration of the original densimeter tested agreed well with the density reference system. This calibration was obtained after the densimeter had been returned once, at least, to the manufacturer for recalibration. Tests of subsequent instruments showed calibration errors up to 1/2%.
An alternate method of calibration for these densimeters was suggested.
Liquid methane and LNG rather than liquid nitrogen and ambient temperature liquid would be used. Since the DRS was the only available calibration device using these liquids, the calibrations were done in it. Pure methane liquid and a mixture containing about 5% propane and 0 to 2% pure nitrogen were the calibration fluids.
In the first reported examination of a densimeter of this design, we noted a shift in the densities measured of about 0.1% relative to the DRS for the second filling but observed no corresponding shifts in the densities measured by the other densimeters present. During some later tests of other densimeters of the same manufacture, such a shift was noted again. The densimeter design subsequently was modified to eliminate this shift. We then tested three of the modified units in the DRS. Since these modified units did not have a factory calibration, they were calibrated in the DRS and tested for stability. They were first calibrated then returned to their packing boxes. Transporting and handling were simulated by hauling the densimeters in an automobile distances of 300 to 800 km. The calibration constants derived from the initial data were entered into the readout electronics and each of the densimeters were retested in the DRS to determine whether calibration shifts had resulted from the simulated handling and transport.
The following calibration equation was fit to the p, V, T data:
where p is the density given by the DRS, V is the lift voltage of the displacement densimeter under test, T is its temperature readout, and a, b, c, d
are the calibration constants. Since this equation is not linear in its coefficiencies, the data were fit by an iterative least squares method. Table 6 gives the values of these coefficients, their estimated standard deviations, and the residual standard deviations for each of the three displacement densimeters based on the first set of tests.
The first of each of the two sets of readings taken at a particuidr temperature setting was used in most instances. As these were the first tests with the rebuilt DRS, we experienced some minor problems during the course of these tests. figure 11 shows an upward shift of about 0.025%. In the case of meter No. 2, figure 12 indicates a slope change as well as a shift.
Using the calibration equation from the first tests, the second test series predicts 0.03% low for methane and about 0.01% low for the LNG-like mixture. The least change from the first to the second test series occurred for densimeter No. 3. Figure 13 shows the predicted methane values for the second test series to be about 0.01% high for methane to about half that high for the LNG-like mixture.
The estimated standard deviations for these meters ranged from 0.006% for the first two to 0.01% for the third. However, the four outliers removed were in error from about 0.05% to 0.2%.
The calibration procedure used produced a calibration that, when combined with whatever effects handling might have had between the first and second tests, agreed with the DRS to + 0.03% or better. The tests of these three indicate that 26 A BEST DOCUMENT AVAILABLE This densimeter now needs some testing in field environments to determine its reliability and calibration stability over long periods of service.
CONCLUSIONS
For the vibrating cylinder sensimeter of the first kind, three essentially identical units calibrated by NBS for transfer standards were tested. All three units showed similar temperature dependence. Calibration equations for two of the units were estimated to be good to 0.1%. The third unit gave evidence of drift and no prediction for its accuracy 4as provided. Two of the units were retested approximately eighteen months later. One of the units showed good agreement with the previous test results; the second unit was the one that had showed evidence earlier of drift, and the results for it were relatively large changes of calibration.
The vibrating cylinder densimeter of the second kind showed a marked dependency on composition. Repeatability for this meter when used on methane was about 0.1%, but when used on the LNG-like mixtures, which differed in small percentages of the amounts of propane and nitrogen, repeatability was about 0.4%
if composition was not taken into account.
As is explained in the text, the vibrating plate densimeter tested would not maintain a calibration.
Three di placement type densimeters of the same design were tested that had no previous calibration. The meters were calibrated and showed good precision (better than .05%); although for one of the meters two points were removed as outliers. The meters were removed from the DRS and subject to simulated hauling as described in the text, and then retested. The retesting showed from 0.025% high for one meter to 0.03% low for another. This difference includes both the shifts of calibration from calculating and entering the calibration constants into the electronics and any shifts resulting from handing the densimeter between tests. (PRD) also is available for testing other densimeter calibration facilities [6, 7] .
Results of comparison measurements between the DRS and the densimeter test system at Gaz de France [9] via the PRD [6] show that even in the laboratory, the density determined from compositional analysis and sampling is uncertain by about +0.25%. The field measurement accuracy for liquid sampling and gas analysis is much poorer than laboratory measurement based on the heating value studies by NBS personnel [8] . Thus, +0.25% is probably a lower uncertainty limit for density calculated from compositions obtained by liquid sampling and analysis. This should be easily improved by direct density measurement with densimeters.
